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A COARTICULATORY PATH TO SOUND CHANGE 789
when followed by an oral stop, but the nasal is largely absent and the vowel more fully
nasalized when followed by a voiceless fricative (Hattori et al. 1958).
2.1. COVARIATION LINKED TO CODA VOICING. Evidence of covariation between vowel
nasalization and nasal consonant duration suggests that speakers might produce a
roughly constant-sized nasal gesture across VNC contexts, but variably align that ges-
ture relative to the oral articulators due to the influences of C. The upper panel of
Figure 1 schematically represents overlapping vowel, nasal (lowered velum), and oral-
cavity closure gestures for VNCvoiced, superimposed over the acoustic waveform of a
token of [bε˜nd] with partial vowel nasalization. (The dashed vertical lines show acoustic
segmentation of V, N, and C.) If, as in the lower panel, timing remains constant in
VNCvoiceless except for earlier onset of the (same-sized) lowered velum gesture, the
outcome would be temporally more extensive vowel nasalization (shown by greater
overlap of the lowered velum gesture with the vowel gesture), a shorter acoustic nasal
consonant (b–c), and a longer postnasal oral constriction (c–d).
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FIGURE 1. Schematic representation of the consequences for vowel nasalization, the nasal consonant,
and the postnasal oral constriction if the velum gesture is initiated earlier in voiceless (bottom)
than in voiced (top) contexts. Dashed lines indicate acoustic segmentation.
The hypothesis of variable temporal alignment of an otherwise (roughly) stable velum
gesture was tested for voiced and voiceless obstruent contexts in English. Because
the pattern of more extensively nasalized vowels cooccurring with shorter nasal conso-
nants has already been reported in the literature on English and other languages, the
current focused, small-scale experiment explored this pattern in depth for a single
vowel context. Nine native American English-speaking members of the University of
Michigan community read a randomized word list consisting of multiple repetitions of
C(C)V(N)C words where V ! /ε/, N ! /n/, and coda C ! one of /t d s z/ (e.g. bet,
bent, bed, bend). Data from only six speakers, however, are reported because three
•  If onset F0 is under speaker ontrol, it might b  in a 
trading relation with VOT (Repp, 1982)	
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INTRODUCTION	  
held constant at 120Hz and 45 dB, respectively. For all tokens, the burst had a dura-
tion of 4ms with 4 frication formants, each with a frequency of 300 Hz and 100 Hz
bandwidth. Onset f0 began at 90, 110, 130, or 150Hz and converged to 120Hz over
the next 50ms. Between the burst and the onset of the vowel, aspiration amplitude
was zero for prevoiced tokens and linearly correlated with positive VOT values.
2.3.2 Task
Stimuli were presented using MATLAB 7.10 (MathWorks, 2010) via a Soundblaster Live!
soundcard o a Dell Optiplex/Windows XP computer through headphones (Sennheiser
HD 280 p o) a a comfortable listening lev l.
Participants heard on token at a time, using the MATLAB interface to click on
one of two buttons labeled “BA” and “PA” to indicate what they heard. After each
response, there was a 400ms pause before the beginning of the next trial. On each trial
the mouse pointer was re- ce tered between the two response buttons so as not to bias
responses. Participants were not limited in response time, but were instructed to
respond as quickly and accurately as possible. The left–right order of the response but-
tons was counterbalanced. There were 11 blocks of 40 tokens, for a total of 440 total
trials.
3. Analysis and results
The relative weighting of the 2 acoustic cues in production was computed using dis-
criminant analysis for each of the 25 participants, providing standardized canonical
coefficients such that a larger coefficient denotes a stronger weighting of a variable.
Results [Fig. 1(a)], showed a significant negative Pearson’s product moment correla-
tion, r (23)¼"0.42, p¼ 0.037, betwee VOT and onset f0. Discriminant analysis was
chosen ov r logistic regressi , hic would otherwise have afforded a more direct
Fig. 1. Scatter plots illustrating comparisons discussed in text. Dark line indicates linear regression line. (a) Pro-
duction: Total-sample canonical coefficients across VOT and onset f0 for each participant, r (23)¼"0.42,
p¼ 0.037. (b) Perception: b weights across VOT and onset f0 for each participant, r (23)¼ 0.36, p¼ 0.076. (c)
VOT: Weightings across perception and production for each participant, r (23)¼ 0.1, p¼ 0.623. (d) Onset f0:
Weightings across perception and production for each participant, r (23)¼"0.34, p¼ 0.101.
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•  Shultz et al. (2012) present 
evidence of just such a 
relation between VOT and F0 
for (phonetically voiceless) 
English stops	

•  Replicated (by us) in pilot	

PHONETIC EXPLANATIONS FOR THE DEVELOPMENT OF TONES 
2.2. THE 'SEEDS' OF THE SOUND CHANGE: PHONETIC DATA. Phonetic studies by 
House & Fairbanks 1953, Lehiste & Peterson 1961, Mohr 1968, Lea 1973, and 
Lofqvist 1975-among others-show how a voicing distinction in prevocalic 
position can affect the Fo of the following vowel. Some of the data from these 
studies are summarized in Table 1. 
p t k b d g 
House & Fairbanks 1953 127.9 127.1 127.2 120.9 120.6 122.8 
Lehiste & Peterson 1961 175 176 176 165 163 163 
Mohr 1968 130.7 129.8 131.1 125.1 124.8 125 
TABLE 1. Fundamental frequency (in Hz) of vowels as a function of the preceding consonant, 
as determined by three studies. 
Although the number of subjects and the methods used to measure and average 
the data differ in these studies, it is clear that the Fo of a vowel is higher after 
voiceless (aspirated) than after voiced stops, and that it does not vary in any con- 
sistent way as a function of the place of articulation of the stops. Unfortunately, 
these data give only an averaged or peak value for Fo, making it impossible to 
deduce the time course of the perturbation caused by the preceding consonant. 
Data gathered by Hombert 1975a remedy this. He recorded five adult male 
American English speakers' pronunciation of the sentence 'Say C[i] again', 
where C= [p t k b d g] (and for three of the speakers, [w m] as well). Each token 
was repeated ten times. For each token he sampled Fo at 20 ms intervals from vowel 
onset to 100 ms after vowel onset. The results are given in Figures 1-2. Fig. 1 shows 
the frequency-normalized Fo curves on the vowels following the voiced and voice- 
Fo 
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FIGURE 1. Average fundamental frequency values (in Hz) of vowels following English 
stops (data from five speakers). The curves labeled [p] and [b] represent the values associated with all voiceless and voiced stops, respectively-regardless of place of articulation. The zero 
point on the abscissa represents the moment of voice onset; with respect to stop release, this 
occurs later in real time in voiceless aspirated stops. 
39 
MATERIALS	  &	  METHODS	  
•  5 female speakers each of French & Italian	

•  3 repetitions each of 11 (near-) minimal triplets: two bilabial target 
items (e.g. balla ~ palla, boule ~ poule) and one rhyming distractor 
(e.g. stalla, foule) in initial and medial positions 	

•  Vowels were mainly /a/, with a few /ɛ/s and (for French) /u/s	

•  Positive correlation between duration of voicing lead and onset 
F0 in both languages; onset F0 for [+voice] lower in medial context	

•  F0 ~ VOT + voicing + context + (VOT:voicing) 
+ (VOT:context) + (1+VOT|subject) + (1|item)!
!
!
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DISCUSSION	  
No evidence for trading relation: speakers tend to 
use more low F0 as voicing lead time increases	
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•  Implicated in emergence and 
evolution of tone systems	

•  What factor(s) might contribute to 
exaggeration o  this effect?	

•  Kingst n & Di hl (1994): ons t F0 is 
actively lowered to enhance the 
perception of the [voice] contrast	

(Hombert et al., 1979)	

REFERENCES	  
Beddor,	  P.	  S.	  2009.	  A	  coar3culatory	  path	  to	  sound	  change.	  Language	  	  85(4):	  785-­‐821.	  /	  Hombert.,	  J.-­‐M.,	  Ohala,	  
J.	  J.,	  Ewan,	  W.G.	  1979.	  Phone3c	  explana3ons	  for	  the	  development	  of	  tones.	  Language	  55(1):37-­‐58.	  /	  Honda,	  K.	  
2004.	  Physiological	  factors	  causing	  tonal	  characteris3cs	  of	  speech:	  from	  global	  to	  local	  prosody.	  In	  Proc.	  Speech	  
Prosody	  2004,	  739-­‐744.	  /	  Kent,	  R.D.,	  Moll,	  K.	  L.	  1969.	  Vocal	  tract	  characteris3cs	  of	  the	  stop	  consonants.	  JASA	  
59:1548-­‐1555.	  /	  Kingston,	  J.,	  Diehl,	  R.	  1994.	  Phone3c	  knowledge.	  Language	  70(3):	  419-­‐454.	  /	  Repp,	  B.	  1982.	  
Phone3c	  trading	  rela3ons	  and	  context	  eﬀects:	  new	  experimental	  evidence	  for	  a	  speech	  mode	  of	  percep3on.	  
Psychological	  Bulle9n	  	  92(1):	  81-­‐110.	  /	  Shultz,	  A.A.,	  Francis,	  A.	  L.,	  Llanos,	  F.	  2012.	  Diﬀeren3al	  cue	  weigh3ng	  in	  
percep3on	  and	  produc3on	  of	  consonant	  voicing.	  JASA	  Express	  Le<ers	  132(2):	  EL95-­‐EL101.	  /	  Solé,	  M.-­‐J.	  2014.	  
The	  percep3on	  of	  voice-­‐ini3a3ng	  gestures.	  Laboratory	  Phonology	  5(1):37-­‐68.	  
RESULTS	  
•  Durational measures: 
voicing onset, burst 
onset/offset, duration of 
following vowel	

•  Spectral measures: F0 at 
seven timepoints 
starting 10ms after 
vowel onset (start of f)	

•  If informativity of F0 
increases as that of VOT 
decreases, listeners 
might misattribute the 
source of the effect 
(Beddor, 2009; Solé, 2014)	
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Figure 6: Vertical larynx movement and its effect on F0. As the
larynx is lowered, the cricoid cartilage moves downward keep-
ing its posterior plate parallel to the curvature of the cervical
spine, and thus rotates to shorten the vocal folds.
of the larynx and hyoid bone are lower for voiced stops than
for voiceless stops [38], and thus F0 is lower for voiced stops.
This account seems reasonable because larynx lowering for a
voiced stop allows glottal airflow during stop closure of the vo-
cal tract [39]. Another account is derived from the activity of
the CT muscle in voicing: the CT is used to apply a sudden
stretch to the vocal folds to halt vocal fold vibration for voice-
less stops [40], and thus F0 at voicing is higher after voiceless
stops. Although this account proposes a reasonable mechanism
for F0 variation due to voicing, a different account is also pos-
sible from the viewpoint of perceptual requirement: speakers
intend to produce higher F0 after voiceless stops to realize the
auditory cue of the sounds. Since the pars recta is recorded in
many EMG studies, this part of the CT may contribute to the
local F0 pattern at voicing (but see Figure 4).
Intrinsic vowel F0, a language-universal phenomenon for
high vowels to have higher F0, is known as a vocal manifes-
tation of tongue-larynx interaction. This phenomenon has led
speech researchers to search for its causal mechanisms [41]. A
contemporary view of the underlying mechanism is the biome-
chanical coupling between the larynx and the supra-laryngeal
articulators. The classical ”tongue pull” theory [42] has been
refined by a few physiological studies [43] [29]. The tongue de-
formation for high-vowel articulation produces forward move-
ment of the hyoid bone, which applies a force to the cricothyroid
joint to stretch the vocal folds. Contrary to this biomechanical
explanation, the intrinsic vowel F0 may be a deliberate produc-
tion to enhance vowel identification [44]. As evidence, EMG
studies have revealed the contribution of CT activity to intrinsic
vowel F0 [45] [46]. Although the vowel-dependent F0 varia-
tion in speech is not large enough to interact with prosody, it
should provide an additional feature to complete vowel-specific
tonal characteristics and contributes to the expansion of audi-
tory vowel space by changing the F0-F1 relationship.
6. Summary
This report described contemporary issues of physiological
mechanisms of F0 control. Although experimental evidence so
far is not complete and needs to be accumulated by further stud-
ies, the physiological mechanisms deriving the units of speech
prosody may be summarized as follows.
Local fluctuations: The CT (pars recta?) contributes to
F0 patterns of voicing, and the tongue-larynx interaction
causes vowel-dependent F0 variation.
Lexical accent: The CT (pars obliqua?), along with other
intrinsic and strap muscles, determines F0 patterns of
lexical accent.
Phrasal pattern: The extrinsic laryngeal muscles in co-
ordination with the respiratory muscles regulate F0 pat-
terns in phrasal declination.
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•  Larynx and hyoid bone 
are consistently lower 
for voiced stops than for 
voiceless (Kent & Moll, 1969)	

•  Accompanied by 
downward movement of 
the cricoid cartilage and 
slackening of the vocal 
folds (Honda, 2004)	

	

	

	

(Honda 2004, Fig. 6)	

(Beddor, 2009)	

Does there exist a similar trading relation 
between voicing lead and F0?	

F0 at 10ms after voicing onset by context	

Sound	  Change	  In	  Interac0ng	  Human	  Systems,	  UC-­‐Berkeley,	  May	  28-­‐31	  2014	  
Consistent with primarily automatic account of onset F0 effects, e.g.:	

(Shultz et al., 2012)	

 	

Obstruent-intrinsic F0 effect: 	

F0 of vowels following v iced stops 
lower than F0 following voiceless stops	

Italian	

French	

However, relationship between voicing and F0 still 
important for the emergence and evolution of tone	

	

	

•  Maintaining prevoicing is aerodynamically challenging; 
lowering of larynx could pro o g prevoicing while lso 
lowering onset F0, consistent with present findings 	

•  If the low-frequency pulsing is not perceived, percept 
could instead be of a low- vs high-F0 [-voice] stop	

	

Misattribution of coarticulatory source need not 
involve active enhancement or trading relation	

Finding in opposite direction to predicted effect	
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